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A B S T R A C T   
The manufacture of structural components made from nickel-based super alloys would benefit from the com-
mercial advantages of Wire + Arc Additive Manufacturing (WAAM), as it is commonly expensive to process using 
other conventional techniques. The two major challenges of WAAM are process residual stress and undesired 
microstructure. Residual stress causes part distortion and build failures, while the as-deposited microstructure 
does not allow the common heat-treatment to be effective in achieving the desired mechanical properties. This 
paper focuses on understanding the microstructural features, phase formation and three-dimensional residual 
stress state variation in as-deposited and inter-pass rolled conditions and after solutionising, quenching and 
ageing. The thermal history from successive deposition and cold working were correlated to the phase formation 
and macro residual stress formation and subsequent evolution. The {311} family of crystallographic planes were 
used as atomic strain gauge to determine the macrostrain and analysis of three dimensional stress state in 
different processing conditions. The measured strain were corrected for the compositional variation by 
measuring EDM machined d0 specimens manufactured under similar processing conditions. While the as- 
deposited part show significant stress redistribution and distortion after removal from the main fixture, inter- 
pass rolling was found to reduce part distortion significantly, the residual stress profile after inter-pass rolling 
showed highest tensile magnitude near the substrate while near the top of the deposit it was compressive as can 
be expected from the rolling process. The other two beneficial effects of inter-pass rolling on the microstructure 
are mitigation of the formation of undesired Laves-phase, thereby improving the response to solution treatment 
and aging together with significantly reduced grain size and texture. The application of inter-pass rolling reduces 
the potential part complexity, which however does not prevent the manufacture of common candidate parts, 
which are typically 1-to-1 replacements of forged, cast or machined from solid.   
1. Introduction 
Wire + Arc Additive Manufacturing (WAAM) is a directed-energy- 
deposition (DED) process that is used for the manufacture of medium- 
complexity near-net-shape components [1]. Even though it is a metal 
additive process, typical applications target the 1-to-1 replacement of 
preform components that are otherwise produced by casting, forging or 
machining from solid. Compared to those, the advantages of WAAM are 
reductions of cost, material waste and lead time. Common materials for 
WAAM are structural alloys, such as steels and aluminium alloys. The 
metals that exploit the advantages of WAAM the most, are typically 
high-value, expensive to process and tough-to-machine alloys, such as 
titanium [2] and Inconel (IN) [3]. The WAAM deposition of the latter 
was first reported by Clark et al. [4,5] reporting better part quality using 
tungsten-inert-gas (TIG) as opposed to metal-inert-gas (MIG) power 
sources. Recent work [6] has also demonstrated that coaxial deposition 
is possible. 
Nickel-based alloys are amongst the most complex alloy systems and 
* Corresponding author. 
E-mail address: s.ganguly@cranfield.ac.uk (S. Ganguly).  
Contents lists available at ScienceDirect 
Materials Science & Engineering A 
journal homepage: http://www.elsevier.com/locate/msea 
https://doi.org/10.1016/j.msea.2020.140368 
Received 27 April 2020; Received in revised form 17 August 2020; Accepted 6 October 2020   
Materials Science & Engineering A 801 (2021) 140368
2
have a good corrosion resistance and mechanical properties. Creep 
resistance of the solid solution strengthened IN718 is due to the slow 
diffusion speed of Niobium and other large atoms [7], preserving the 
excellent properties at high temperatures [8–10]. It requires certain 
manufacturing routes to achieve the characteristic microstructure and 
outstanding mechanical properties, including thermal and mechanical 
processing [11,12]. The main strengthening phase in IN718 is γ’’ 
(Ni3Nb), which exist as small coherent platelets that occur after aging a 
solution treated microstructure. Some strengthening is also contributed 
by γ’ (Ni3 [Al,Ti]) [13], but due to low Ti and Al in the alloy composition 
this phase occupies a smaller volume fraction [14]. The crystal structure 
of the parent γ and strengthening γ′ phase is face-centred-cubic (fcc), but 
that of the γ’’ phase is body-centred tetragonal (bct), inducing strong 
coherency strains [13]. These strengthening phases are typically 
precipitated during aging treatments [15,16]. It is, however, possible 
that the hardening constituents form other undesired phases, when they 
occur during slow cooling during solidification or processing at too 
high-temperatures. In IN718 these are the δ phase [17], an ortho-
rhombic form of Ni3Nb and the hexagonal niobium and 
molybdenum-rich Laves phase [18] ((Ni,Fe,Cr)2(Nb,Mo,Ti)) and both 
are undesired and a challenging problem in DED of IN718 [19,20]. 
Residual stresses are one of the major challenges in WAAM. They can 
cause serious part distortion or failure during manufacture or in service. 
The development of residual stresses in WAAM and the consequent 
distortion using other structural metals, like steel [21,22], titanium 
[23–25] and aluminium [26], have been explored recently. Single-pass 
WAAM deposits typically develop constant tensile residual stresses 
along the height of the deposit that can reach near-yield strength during 
the build of steel and aluminium walls [21,26], and 60% of yield 
strength in titanium deposits [24]. After unclamping the part distorts, 
which redistributes the stresses to equilibrium. The redistributed stress 
is a superposition of the initial stress and bending distortion stress and 
typically shows a linear drop towards the top, while the stress below and 
above the neutral axis increases and decreases respectively [21–27], 
which is explained in detail elsewhere [27]. Also the effect of residual 
stress on static [28] and dynamic properties, such as fatigue life [REF – 
Presentation ECRS], fracture toughness and crack growth [29,30] were 
investigated. Influences of stress on the formation of the important γ’’ 
precipitates in IN718 was reported as well [13]. 
Some work has been done on residual stresses in additively manu-
factured Inconel using different processes or alloys [31–35]. The 
deposited layer develops large tensile residual stresses, but the 
thermo-mechanical interaction with the surrounding material also re-
lieves the stresses of the previous layers, depending on the magnitude of 
the stress and the transient thermal history [34]. SLM-deposited IN718 
can develop stresses larger than 1000 MPa, reaching the materials yield 
strength. These stresses however were measured at the surface, while 
the bulk residual stresses in the same specimen were not higher than 
300 MPa [33], which was attributed to annealing by thermal processing 
of the subsequent layers. Smetannikov et al. [36] deposited an IN718 
wall of 10 layers with the WAAM process using a TIG power source. They 
used thermocouple recordings and the final distortion to validate their 
transient simulation. Maximum residual stresses after unclamping did 
not exceed 380 MPa. It is not clear whether relaxation of previous layers 
was accounted for, but slightly larger tensile stress in the top-most layer 
compared to the previous layer can be identified. This would mean that 
the magnitude of peak tensile residual stress in WAAM is much lower in 
magnitude compared to SLM. 
Conventional manufacturing routes can also induce residual stresses 
that need to be mitigated [11], meaning that WAAM does not introduce 
an entirely new challenge. Since IN718 was developed for high strength 
and good fatigue resistance at high temperatures, it is an excellent ma-
terial candidate for the 1-to-1 replacement of forging by WAAM. It can 
be deposited using coaxial heat sources [6] or with cold wire feed [37, 
38]. Another remaining challenge in DED of nickel-based alloys is a 
strong crystallographic texture [39,40], which causes anisotropic 
stiffness [41], reduced strength [37] and furthermore complicates 
diffraction techniques. 
Process residual stresses can be expected to be eliminated during 
solution treatment of the obligatory heat treatment of IN718. Substan-
tial residual stresses however can subsequently arise during the quench, 
reaching more than 350 MPa in both tension and compression [42], 
which is probably not further affected during the aging treatment [43, 
44]. 
Neutron diffraction can be used to determine multiaxial stresses in 
bulk metal. Good knowledge of the material and careful procedure and 
post-processing is required for obtaining sound results [45]. Several 
factors should be accounted for such as: large grain size, texture, 
appropriate stress-free reference specimen, elastic constants, second 
phases and overlapping diffraction peaks. All of these potential sources 
of error can occur in additively manufactured nickel-base alloys [10,20, 
32,37,41]. The experimental determination of residual stresses in a 
component is therefore complicated, time-consuming and represents the 
final stress state only [22–26], rather than the evolution of the same. 
Transient numerical simulations are needed to understand the stress 
development during the additive WAAM deposition [21]. For IN718 this 
requires precise understanding of transient material behaviour at any 
temperature [46], which have to be determined experimentally for 
additively processed alloy [7]. Simulations are therefore required to 
account for the residual stress development during the DED process, to 
design appropriate fixtures for instance, but they need to be validated by 
stress measurements on representative components. 
Since WAAM is descended from welding, similar techniques to con-
trol residual stresses can be adopted [47]. Thermal techniques include 
optimising the deposition strategy, pre-heating or active cooling, which 
all mitigate the thermal strain as it develops [48–50]. The strategies are 
not trivial or universally applicable for all materials and processes. 
Inconel and titanium for instance can behave contrarily to certain 
thermal strategies [51]. An effective mechanical technique is cold roll-
ing [52–54]. With WAAM this technique is called inter-pass rolling and 
applied after each deposited layer. It is effective for the mitigation of 
residual stress and to eliminate distortion in aluminium structures [26, 
55], but the effectiveness on steel and titanium structures is limited [22, 
23]. In order to assure a complete stress-free component with more 
complex features, such as intersection, thermal stress relief remains the 
only reliable and practical solution [25]. 
During the research on stress control, a different beneficial effect on 
WAAM was observed. Inter-pass rolling can be used to eliminate texture 
and reduce grain size in Ti–6Al–4V [56] or to eliminate porosity in 
aluminium deposits [55], which both improve the mechanical proper-
ties significantly [57,58]. A special technique to eliminate porosity in 
additive manufacturing is hot-isostatic-pressing (HIPing). Unfortunately 
the closed pores during HIPing can return at elevated temperatures [59]. 
This makes post-process HIPing redundant with IN718, which is inten-
ded to be used for high-temperature applications. Those pores that were 
eliminated by inter-pass rolling on the other hand do not reoccur during 
heat treatment of aluminium-copper alloy [55]. Special thermo-
mechanical processing routes including hot rolling can lead to properties 
that exceed AMS specification by far [60]. The advantageous effect of 
inter-pass rolling on the microstructure and mechanical properties was 
also discovered for WAAM-built IN718 components [37]. 
The aim of this paper is to investigate the residual stress during the 
WAAM deposition of IN718 alloy, which needs to be known to deter-
mine substrate dimensions and design adequate fixtures that prevent 
part distortion or failure during the deposition and can also be used to 
validate process models. It will furthermore examine whether cold 
rolling can mitigate these residual stresses, alongside with the 
improvement in the material’s microstructure and mechanical proper-
ties. Finally the residual stresses will be assessed in both structures, with 
and without inter-pass rolling, after solution heat-treatment, quenching 
and ageing (SQA), which represents the material’s condition in appli-
cation. This paper will therefore complement the experimental research 
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on the stress development during the WAAM deposition of structural 
metals [22–26]. 
2. Methodology 
2.1. Production of specimen 
A 1.2 mm diameter IN718 wire was used to deposit the walls on a 
200 × 64 × 6 mm3 IN718 substrate (HAYNES® 718 alloy) with the 
compositions shown in Table 1. An ABB robotic arm was synchronised 
with a Fronius VR 7000 power source and manipulated the cold metal 
transfer (CMT) torch during the deposition [6]. The clamping and the 
cross-sectional dimensions of the deposit are for comparison the same as 
during previous investigations using titanium and aluminium alloy [24, 
26]. The travel speed (TS) to deposit the 180 mm long layers was 6 mm/s 
at 7 m/min wire feed speed (WFS), yielding a TS to WFS ratio of 19.4 and 
a deposition rate of 3.87 kg/h. To accommodate for the heat sink effect 
on the first layer [6], the wire feed speed was increased by 25% to in-
crease the heat input. Four specimens were produced using identical 
parameters and conditions, of which two were inter-pass rolled (IR) with 
50 kN rolling load using the machine described elsewhere [55,56]. The 
as-deposited (AD) reference specimen remained clamped on the 
portable jig for the time being to measure and compare the residual 
stresses before and after unclamping. The other AD specimen and one of 
the IR specimen were solution heat treated, quenched and aged (SQA). A 
height gauge and Vernier calipers were used to measure the height and 
width of each layer, as well as the distortion of each specimen [26]. The 
specimens were completed once they were 21 mm height, which took 9 
layers for the AD and 11 layers for the IR specimens. The SQA treatment 
on IN718 was performed according to AMS-5662 M. Solution treatment 
for 1 h (970 ◦C–980 ◦C) and water quenching was followed by aging at 
718 ◦C for 8 h, furnace cooling to 620 ◦C for 2 h and holding that 
temperature for another 8 h. The four specimens are therefore: AD (still 
clamped to the portable jig), IR, AD + SQA and IR + SQA. 
2.2. Neutron diffraction stress analysis 
Non-destructive bulk residual stress determination was carried out 
on the SALSA neutron diffractometer at the Institut Laue-Langevin, 
France [45]. Angle-dispersive neutron diffraction was used to deter-
mine the strain and analyse the stress in the additive built walls as 
previously described in Ref. [22]. A monochromated neutron beam of 
wavelength 1.62 Å was selected resulting in a detector positioning at 2θ 
= 96.2◦ for the Ni-{311} plane of the FCC unit cell, commonly used for 
stress analysis, since it is relatively insensitive to inter-granular strain 
and its’ stiffness is closest to the macroscopic one in conventional [61] 
and additively manufactured [7,62] nickel-based alloys. A gauge vol-
ume of 2 × 2 × 2 mm3 was defined by oscillating radial collimators on 
the incoming and diffracted beams. The setup on the beamline is shown 
in Fig. 1 (a) and the beam path with the locations of the gauge volumes 
in the specimen is drawn in the schematic in Fig. 1 (b). In this config-
uration the longitudinal strain is scanned with a step distance of 2 mm 
along the built direction. The sample was rotated twice by 90◦ in order 
to align the scattering vector Q (fixed) with the other two principal 
strain directions. The mapping of points considered are in building di-
rection, longitudinal and transverse to the wall. It should be noted that 
the gauge volumes to record the principal strain components overlapped 
slightly. The use of the cradle allowed the use of a single setup to pro-
gram and scan all three principal directions. Oscillation of the hexapod 
of ±4◦ around the vertical axis was deployed to improve the statistics of 
the diffraction pattern of the mm-sized coarse-grained material [37]. 
Reference walls were build using all 4 processing conditions to 
determine the macro stress free lattice spacing d0, along the built di-
rection which would allow positional correction of the measured strain 
which is sensitive on the processing route [26,63]. Wire batch, deposi-
tion parameters, dwell time and all other processing conditions were 
kept the same to produce the most representative stress free reference 
allowing the compositional variation which would influence the lattice 
spacing for the measured family, {311}, of crystallographic planes. An 
electro discharge machining of comb specimens to relieve the macro-
scopic stress [64] were performed which would ensure minimal impact 
on the lattice structure of the specimens due to the machining process. 
The comb consisted of 2.9 × 2.9 × 10 mm teeth, each 3 mm apart in z 
direction, which were measured 1.5 mm away from the tip in all three 
orientations. The d0 for the stress measurement points that did not 
coincide with d0 locations due to the comb spacing was interpolated for 
the adjacent measurements points. 
The theoretical inter-planar spacing of the {311} plane is approxi-
mately 1.083 Å [32,63], giving a 2θ of 96.8◦ for the given wavelength. 
Asymmetry in the diffraction peak, consistent with recent work [32], 
was observed in this study. A background function was therefore 
generated and subtracted from the pattern to fit the {311} reflection of 
the parent NiCr γ phase only. This was necessary, as reflections of the 
coherent Ni3(Al,Ti,Nb) γ′ phase and Ni3Nb γ’’ phase (a = 3.62 Å; c =
7.21 Å [65]) could overlap with and distort the parent γ peak [32,66]. 
This effect could be significant in aged IN718 which has a 10–15% 
volume fraction of γ’’ [65]. Also the {201} plane of the Laves phase, has 
a very similar d-spacing of 1.091 Å and could overlap [18], while the 
orthorhombic Ni3Nb δ-phase cannot [65]. The Laves phase however are 
more likely to occur in as-deposited material [19]. The use of the 
background function also enabled determination of the 
full-width-half-maximum (FWHM) of the peak fit [67]. This procedure is 
elaborative, but necessary to improve the fit of the primary γ phase and 
other fit-values, such as the FWHM, as it can be seen with the example in 
Fig. 2 showing a very pronounced background. 
The determination of the diffraction elastic constants (DEC) to 
correlate lattice strain with engineering stress is vital and not trivial. 
Wang et al. [41] performed an experiment to determine the DEC for 
as-deposited IN625, manufactured with blown-powder DED. The strong 
texture in the deposited nickel-alloy reduces the macroscopic stiffness 
significantly from E = 207 GPa of conventionally processed alloy to E =
152 GPa in additively manufactured IN625. The anisotropy in stiffness 
furthermore increases with increasing temperature. Also the specific 
lattice elastic constants for AM deposits are very different (E311,AM =
156.6 GPa), compared with wrought material (E311,W = 193.8 GPa) 
[41]. Aba-Perea et al. [10] measured the DEC for fine-grained and 
texture-free IN718 (E = 215 GPa; E311 = 201.7 GPa), which were not 
affected significantly after solution treatment and aging. Baufeld et al. 
[38] reported a very low macroscopic stiffness of E = 154 MPa in 
coarse-grained and textured WAAM-deposited IN718. Data from initial 
experiments [6,37] also suggest that wire composition and different 
stages of heat treatment do not influence the stiffness significantly. 
Inter-pass rolling however reduced texture and recovers the materials’ 
stiffness. Based on all publications on this topic, several assumptions can 
be drawn to choose the DEC of the {311} plane with fair confidence. 
Since the stiffness seems to depend almost entirely on the texture, E311, 
AM = 156.6 GPa and ν311 = 0.31 [41] were chosen for both as-deposited 
specimen. The inter-pass rolled specimens with reduced texture were 
Table 1 
Chemical compositions (wt %) of the wire (AMS5832E) and substrate (HAYNES® 718 alloy) as per data sheet.   
Ni Cr Nb + Ta Mo Ti Al Co Mn Fe 
Wire 53.15 19.42 5.22 2.95 0.96 0.47 0.41 0.11 Bal 17.3 
Substrate 52 Bal 18 5 3 0.9 0.5 <1 <0.35 19  
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calculated using the DEC E311 = 201.7 GPa and ν311 = 0.31 [10]. This 
decision was only possible after the grain size was known from the EBSD 
data from this study. 
The d-spacings of the {311} planes were calculated with Bragg’s law 
(eq. (1)) and the lattice strain with eq. (2), directly with 2θ. The stress 
was finally analysed using Hooke’s law (eq. (3)) using the individual 
DEC of the {311} plane. The fitting error of the diffraction angle 2θ 
propagates through the strain and stress calculation. Eq. (4) applied to 
determine the uncertainty of strain and stress yields eqs. (5) and (6) 
respectively. This does not take any of the other sources of error into 
account. 
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2.3. Metallurgical preparation and microscopy 
After the neutron diffraction experiment, the specimen was cut in the 
symmetry plane and mounted in conductive resin, representing the 
cross-section of the yz-plane of the neutron diffraction scan. The four 
specimens were ground and polished to 1 μm. For Scanning Electron 
Microscopy (SEM) and Electron Backscatter Diffraction (EBSD), speci-
mens were given a final polishing with colloidal silica suspension. For 
optical microscopy, electrolytic etching for 10 s in 10% oxalic acid at 6 V 
revealed the microstructure. Vickers micro-hardness indentations were 
taken using a Zwick/Roell hardness tester at 0.5 kg load for 15 s. A ZEISS 
field emission gun SEM fitted with an Oxford Instruments Nordlys de-
tector was used to conduct Energy Dispersive X-ray Spectroscopy (EDS) 
and EBSD, using acceleration voltages of 20 kV and 30 kV respectively. 
Fig. 1. a) setup of specimen on SALSA; b) location of gauge volumes and hardness plot line.  
Fig. 2. Example of a fitted γ peak using a background function to compensate for potential disturbance sources.  
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3. Results and discussion 
The effect of inter-pass rolling and SQA treatment on the micro-
structure and the consequent strength of IN718 WAAM structures was 
discussed in detail by Xu et al. [37], using a plasma heat source instead 
of CMT. The aim of the present work was to discuss the effect of the same 
processing route on residual stress and distortion, however some com-
plementary aspects on the microstructure were found as well and are 
discussed beforehand, as they also help explaining the diffraction 
pattern during neutron diffraction. 
3.1. Wall geometry and distortion 
It took 9 passes to deposit the 6.89 mm wide and 2.39 mm high layers 
to build a wall larger than 21 mm. The as-deposited specimen is shown 
in Fig. 3 (a). With inter-pass rolling, each deposited layer was deformed, 
which decreased the height and increased the width, but the cross- 
sectional area was preserved. The bead-shape geometries, layer aspect 
ratio and the dilution for with and without rolled walls are shown in 
Table 2. It also shows that the CMT process resulted in the same level of 
dilution of 2 mm with the previous layer, regardless whether it was 
rolled before or not. 
The distortion was quantified by measuring the out-of-plane distor-
tion of the substrate [27], which has been done before on Ti–6Al–4V 
[23], mild steel [22] and aluminium 2319 [26] deposits using 
material-specific processing conditions, but comparable cross-sections. 
The distortion of the 180 mm long IN718 deposit (AD) was 3.61 ±
0.05 mm and of the IR specimen 0.99 ± 0.03 mm. To put this in context, 
Fig. 3 (b) compares the calculated curvature κ (= 1/R) of all four 
structural metals, which is independent from the length of the deposit. 
The cross-metal comparison will be discussed together with the residual 
stresses. Also shown is the distortion after inter-pass rolling using the 
highest load in the respective publications of the other structural metals. 
3.2. Material and microstructure 
The etched cross-sections of the as-deposited and the rolled wall are 
shown in Fig. 4 (a) and (c) respectively together with a higher magni-
fication for each (b, d). The dark dashed lines indicate the equidistant 
fusion boundaries. The white box indicates the location and dimension 
of the neutron diffraction gauge volume (NDGV). The top of the previous 
layer in the as-deposited wall is highlighted with the dashed line in Fig. 4 
(a). At higher magnifications (Fig. 4 (b)) is becomes apparent that the 
large columnar dendrites grow through the fusion boundary, forming 
characteristic chain-pattern of the dark zones. Inter-pass rolling broke 
the dendritic growth through the layers, as shown in Fig. 4 (d) and the 
dark zones appear finer and more equiaxed. In the as-deposited micro-
structure, a few rare deposition defects can be identified. A represen-
tative gas pore and a lack-of-fusion defect is shown in Fig. 5 (a) and (b) 
respectively. The inter-pass rolled specimen was less populated with 
visible pores. Laves phase were observed between the dendritic columns 
of the parent γ matrix, as shown in Fig. 5. This microstructure is typical 
of IN718 DED [20], which can result from high heat inputs and slow 
cooling rates causing segregation of heavier elements into the 
inter-dendritic region [68]. Smaller equiaxed grains interrupting the 
dendritic columns were also found in the microstructure, as illustrated 
by the marked grain boundaries in Fig. 5. 
In general the FWHM can be influenced by several factors, of which 
one is plastic deformation. The FWHM plot in Fig. 6 (a) shows virtually 
constant values along the height of each deposit, with one exception. 
The IR-specimen, which was the only specimen that has been rolled as 
last step, shows increased values approximately in the top 4–5 mm of the 
wall. 
This increase in FWHM near the top is mainly due to plastic defor-
mation [69], which is supported by the hardness plot of the IR specimen 
in Fig. 6 (b), showing work hardening to the same depth. This is 
approximately the depth of the layer height (~2 mm) plus the dilution 
depth (~2 mm) of the previous layer combined (Table 1). Half of the 
cold worked material was remelted during deposition of the subsequent 
layer, however the cold worked region below that was not. Instead it 
experienced a thermal cycle by the process heat of the next deposition. 
The resulting hardness is with overall >360 HV, significantly improved 
when compared to the as-deposited hardness in specimen #1 of 247 ± 7 
HV, which practically constant along the height. SQA heat treatment of 
both conditions further increased the hardness. The unrolled specimen 
has an overall hardness of 427 ± 9 HV, while the rolled specimen even 
reached 441 ± 7 HV after SQA and both are fairly constant along the 
height as well. The overall hardness profiles are in-line with previous 
work [37]. However in the present study a denser hardness scanning 
were performed. The necessity in doing that in AM parts becomes 
apparent from Fig. 6 (b), as the experimental scatter can exceed the 
effect of processing conditions and deviations within a single layer, 
which, with a larger number of measured points, can be statistically 
normalised by using a larger number of parallel indents and a smaller 
step distance. 
The large columnar grain structure observed in the optical micro-
graphs of Fig. 4 (a) was also observed in the EBSD maps of the as- 
deposited SQA material, as shown in Fig. 7. The grain size ranges from 
50 to 500 μm in thickness and are several mm long in the build direction. 
The map follows an inverse pole figure (IPF) colouring referenced to the Fig. 3. Curvature of the distorted substrate after depositing 4 structural metals with WAAM with the same cross-sectional geometry [22,23,26]. 
Table 2 
Cross-sectional geometries with and without inter-pass rolling.   
As-deposited Inter-pass rolled 
No. of layers 9 11 
Total height [mm] 22.56 ± 0.11 20.91 ± 0.12 
Layer height [mm] 2.39 ± 0.15 1.80 ± 0.12 
Vert. Deformation εz [%] – −35.7 ± 0.9 
Layer width [mm] 6.89 ± 0.24 8.01 ± 0.29 
Transv. Deformation εy [%] – +11.2 ± 0.5 
Layer aspect ratio 2.88 4.45 
Dilution depth [mm] ~2 ~2 
Dilution [%] ~80 ~110  
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Fig. 4. (a, b) as-deposited and (c, d) inter-pass rolled microstructure with magnification showing characteristic features: lack of fusion (LoF) defects and pores (P) 
(see Fig. 5 for more detail), fusion boundaries (FB), Laves phase (dark) surrounding the columnar γ dendrites; location and scale of a neutron diffraction gauge 
volume (NDGV). 
Fig. 5. rare (a) gas pore and (b) lack of fusion defects from Fig. 4 (b), with grain 
boundaries and long-chained Laves phase dendrites. 
Fig. 6. (a) FWHM of the neutron diffraction measurement and (b) hardness 
measurements plus averaged trendline near the top of the deposits. The labels 
refer to the microstructure in the IR specimen (Note the dissimilar x-scale). 
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build direction z. The map shows strong texture, where the grains are 
well oriented in the preferred growth direction <001>, parallel to the 
build direction (z) of the WAAM part. This texture is responsible for the 
anisotropic mechanical properties [37] and can also be found in other 
metal systems, such as titanium [70]. The band contrast overlay in Fig. 7 
shows the dendritic stems with growth in line with the elongated axis of 
the grains. The map also shows several small grains amongst the large 
columnar ones. Their misorientation suggests that they might have 
nucleated during deposition but were outgrown by the surrounding 
columnar neighbours. A chain of small misoriented grains populated 
along the fusion boundary and highlight the epitaxial growth of the 
surrounding grains. 
Large area EBSD maps of the inter-pass rolled materials (with and 
without SQA) in Fig. 8 (a) and (b) respectively show that inter-pass 
rolling causes grain refinement and reduction in texture. Non- 
uniformity in the effects of rolling, was observed in the EBSD map of 
the IR sample without SQA shown in Fig. 8 (a). This alternating band of 
fully and partially recrystallised areas, was observed in a previous 
studies with mild steel [22] and In718 [37]. The fine equiaxed grains 
have an average grain size of 11.4 ± 6.3 μm, while the larger grains have 
a circle equivalent diameter of 118.2 ± 2.8 μm. Zhang et al. [71] 
described the effect of plastic strain and holding times after hot forging 
at 980 ◦C on the resulting grain size. 10% compressive strain was the 
minimum to achieve a final grain diameter below 70 μm, while 40% and 
more could further decrease the diameter to <50 μm at shorter holding 
times. Admittedly the hot forming process is not necessarily comparable 
to the cold rolling, however subsequent grain growth during holding 
should be comparable. In comparison with the literature [72], the pre-
sent grain size is slightly smaller, possibly suggesting that the solution 
treatment temperature may have been slightly lower. The equations of 
Ruan et al. [73] can furthermore be used to predict the grain diameter 
during subsequent growth at high temperatures. 
However, the misorientation map of the IR specimen in Fig. 8 (c) 
suggests plastic deformation inside the crystal, especially in the coarse 
grained region, triggering the refinement during SQA treatment. The 
misorientations fully recovered during SQA treatment (Fig. 8 (d)) and 
resulted in the fully recrystallised microstructure Fig. 8 (b)). 
The texture of the material was significantly improved after inter- 
pass rolling, as observed in several structural metals deposited using 
WAAM [22,37,70]. The pole figures Fig. 9 quantify the randomisation of 
textureacross the AD SQA map (Fig. 7), IR and IR + SQA samples (Fig. 8 
a, b). Fig. 9 (a) shows the strongest intensity of 22.19 for the {100} 
family of grains oriented along the transverse direction, in line with the 
red colouring in Fig. 7. Fig. 9 (b) and (c) show much lower intensities of 
3.47 and 1.73 respectively, indicating a significant randomisation of 
texture caused by inter-pass rolling. SQA treatment of the IR deposit 
further reduced the texture, as also the coarser grains were refined 
during the solution treatment, allowing recrystallisation of the coarser 
grains that contained stored strain energy in form of dislocations 
induced by rolling. 
The materials strength is not only affected by texture and grain size, 
but principally by the quantity and distribution of γ”. The precipitation 
of γ” during aging requires Nb to be dissolved in the parent γ matrix after 
solution treatment. The contrast of a BSD image can be influenced by 
both sample topography and elemental differences [74]. Island-like 
phases were observed in the SEM backscatter electron detector (BSD) 
image of the AD specimen without SQA, shown in Fig. 10 (a). These 
phases are not topographically artefacts, but the inter-dendritic sec-
ondary phases also observed using optical microscopy (Fig. 5), which 
was confirmed with secondary electron images during the analysis. The 
EDS maps shown in Fig. 10 (b) and (c) highlight the areas which are high 
in Nb and Ti respectively. The Nb map confirms that the lighter areas of 
Fig. 10 (a) are rich in Nb. The morphology of the phase and its corre-
sponding richness in Nb suggests that the island-like precipitates 
observed are undesired Laves phase. Embedded in the Laves phase, as 
pointed out by the blue arrow in Fig. 10 (a), is a dark spot which is rich in 
Ti. Whilst the composition of the particle has not been confirmed in this 
study, similar particles have been found elsewhere [6,37], suggesting 
that these are TiN particles what can be traced back to the wire feedstock 
of IN718 WAAM. TiN acts as nucleation sites for carbides such as NbC 
[75] which can be detrimental for mechanical properties. Upon com-
parison with the Ti map shown in Fig. 10 (c), it becomes apparent that 
not all the dark spots in the electron image are Ti-rich particles and some 
of them are likely to be micropores instead. 
Fig. 10 (d) shows the BSD image of the AD specimen after SQA 
treatment, showing needle-like phase surrounding the Laves phase. 
These features are too fine to be resolved in the EDS maps but are likely 
to be δ phase. Fig. 10 (e) shows that a slight increase in Nb concentration 
can be found in the δ phase, but a large quantity is still locked away in 
the Laves (red arrows) and δ (yellow arrows), which reduces the amount 
of Nb available for the precipitation of γ’’, limiting the aging response of 
the material [37]. Laves remains in the microstructure as the solution 
treatment temperature applied is lower than the dissolution temperature 
of Laves, which is around 1200 ◦C [76]. The Ti map in Fig. 10 (f) has also 
spots with higher concentration (blue arrows) easily to be mistaken for 
micropores in the BSD image (a), which is consistent with those 
observed in Fig. 10 (c). 
3.3. Neutron diffraction 
The plot of the stress-free reference along the height of each spec-
imen and orientation is shown in Fig. 11. No clear trends can be 
observed within any of the profiles, however large deviations along the 
height are visible especially in both samples without rolling (a, c). The 
largest deviation can be found in the normal z-direction of the AD 
specimen (a). This error in d0 alone would already translate into pseudo 
microstrain and later in an error in calculated stress of ±100 MPa. No 
conclusive trend can be drawn from the d0 profiles of the unrolled 
specimen that could be correlated to the processing and can only be due 
to larger grain size and orientation, which would have insufficient sta-
tistics. The inconsistency in Fig. 11 illustrates the difficulties of deter-
mining a representative d0 reference in neutron diffraction in textured 
and coarse-grained material. This is due to the large grain size (Fig. 7) 
and strong texture (Fig. 9 a) in the unrolled walls, leading to a smaller 
Fig. 7. IPF-z EBSD map overlapped with band contrast scan of the as-deposited 
+ SQA deposit. 
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number of scattering crystallites in the gauge volume and less repre-
sentative d0 samples. The rolled walls have a much smaller grain size 
(Fig. 8) and very little texture (Fig. 9 b, c), which would ensure better 
statistics to capture macrostrain variation. It is however noteworthy that 
the macrostrain difference between different processing routes is less 
than previous reported work using the over-saturated aluminium-copper 
alloy 2319 [26]. 
The lattice strains of the {311} plane in the five specimens along the 
vertical centre line are shown in Fig. 12(a–e) with identical scale. The 
error bars indicating the calculated error based on the peak fit accuracy, 
with an average of less than 55 microstrain. The as-deposited specimen 
(a) shows the largest tensile strains in the clamped condition between 
2000 and 3000 microstrain in the longitudinal direction. It also shows 
the largest compressive strains up to −2000 microstrain in normal di-
rection, while the transverse strain is relatively low. Large and consis-
tent compressive transverse strain can be found in both inter-pass rolled 
specimen (c) and (e). 
Fig. 13 shows the calculated residual stresses in the five specimens. 
The longitudinal yield strength of WAAM deposited IN718 is 525 ± 7 
MPa [37], indicated with a dashed line in Fig. 13 (a). The longitudinal 
process residual stresses reach this value, while the transverse and 
normal stresses are lower. Thiede et al. [33] reported cyclic thermal 
relaxation of previous layers in Selective Laser Melting of IN718, which 
determines the peak tensile stresses in the bulk material. Constant lon-
gitudinal residual stresses are common in WAAM and responsible for the 
bending distortion [21–27,77]. The stress reported by Smetannikov 
et al. [36], who used a similar deposition process, were lower. One 
reason is that the 10 layers were deposited with little waiting time, 
causing the substrate to heat up above 350 ◦C during deposition, which 
reduced the mismatch of thermal strain and therefore developed less 
residual stress. Another reason is that they did not account for potential 
phase transformation stress. A controlled and elevated substrate tem-
perature is therefore a possible solution to significantly reduce residual 
stress and distortion in IN718 WAAM and other alloys. 
The residual stresses redistribute in Fig. 13 (b) after unclamping, but 
show identical characteristic point-to-point pattern and local trends, 
such as the distinct drops 12 mm above the substrate. The longitudinal 
stress drops significantly to less than 250 MPa due to distortion [27], 
while the two components in transverse and normal direction remain 
fairly constant compared to the clamped condition. The other two stress 
components hardly change at all, as the part mainly distorts around the 
y-axis, which is comparable to other deposited structural metals [22–24, 
26]. 
The residual stresses in IN718 WAAM can be with 500 MPa as high as 
the ones in Ti–6Al–4V [23–25]. Fig. 3 however shows that the distortion 
is less, which is due to the higher stiffness of 200 GPa in the nickel-based 
alloy, as opposed to 113 GPa of titanium, yielding in more elastic re-
sidual strain in the latter. However the distortion is still much more 
severe compared with mild steel [22] and aluminium [26], which can 
also be respectively explained by the individual residual stress to stiff-
ness ratio. 
The established longitudinal process residual stress in the bulk of the 
Fig. 8. IPF-z EBSD maps, local average grain size dav and Vickers micro hardness hHV in the (a) inter-pass rolled wall and the (b) inter-pass rolled wall + SQA 
treatment. Grain size, and hardness are taken from the centre map. The misorientation maps (c) and (d) correspond to (a) and (b) respectively. 
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wall are around 300 MPa, apart from the area near the substrate and the 
top region that was rolled in the last step (Fig. 13 c). It was previously 
suggested that rolling deforms each layer in such a way that these tensile 
stresses in the bulk wall are balanced by compressive stresses on both 
side surfaces of the wall [26]. The transverse and normal stresses appear 
lower than the longitudinal stress, but all three components align and 
show a significant drop due to the last rolling action, inducing 
compressive stresses up to −300 MPa and affect the material approxi-
mately 5 mm below the top surface. This depth is in-line with the 
FWHM, as well as the hardness profiles in Fig. 6 (a) and (b) respectively. 
Fig. 3 shows furthermore that rolling is capable of reducing residual 
stress and distortion in mild steel and aluminium WAAM, while this is 
not the case for Ti–6Al–4V at the maximum rolling loads for the 
respective metal. In IN718 a reasonable reduction in residual distortion 
can be achieved with 50 kN rolling load on a 7 mm wide wall. However 
higher loads (e.g. 75 kN) are possible [37], which is expected to further 
reduce residual stress and distortion. 
Solution treatment, quenching and aging can increase the yield 
strength of as-deposited IN718 to 790 MPa without rolling and above 
1000 MPa with rolling, as rolling refines the grains, and promotes the 
aging response of the alloy, by better distributing the Nb [37]. 
As-deposited single pass walls typically do not show stress gradients 
through the thickness of the wall [23,24]. Inter-pass rolling and can 
cause compressive stress on the surface and tensile stresses in the bulk of 
a WAAM deposit [26]. The subsequent solution treatment at 975 ◦C for 
1 h however relieve most of the stresses, but they can be re-introduced 
by quenching [11]. The stresses of the SQA specimen in Fig. 13 (d) and 
(e) are therefore likely to be due to the SQA treatment, rather than the 
deposition. However a stress measurement in solutionised and sol-
utionised and quenched conditions are required to be certain. The pro-
file of the AD + SQA sample oscillates around zero stress, suggesting low 
residual stresses, however the scatter in the data is high. The confidence 
in the measurement of the IR and IR + SQA specimen is higher. It shows 
zero stress in normal direction and little tensile stresses in longitudinal 
direction that increase near the interface with the substrate. Dye et al. 
[11] reported longitudinal (hoop) tensile stresses in the bulk of an IN718 
quenched disk up to 400 MPa that are balanced by surface compressive 
stress. This stress field is caused by the transient thermal field during 
quenching [11] and is also expected to have induced balancing 
compressive stress at the side-surface of the wall. The subsequent aging 
heat treatment was performed at 718 ◦C for 8 h and is not expected to 
have modified the stress state subsequently [7,43]. 
The ND investigation of this WAAM-built Inconel is challenging, due 
to several aspects. Additive Manufacturing often produces large 
columnar grains with strong texture and the chemical composition is 
highly sensitive to the thermal history. It is therefore possible that an 
analogous reference specimen does not have identical morphology, 
crystal orientations and composition as the specimen to be investigated. 
Stress-free references from the actual specimen after it was measured 
would be needed for a representative reference d0, which is not practical 
with consecutive instrument time, as the EDM cuts need to be performed 
within the experimental time. The weakness in the measurement is not 
Fig. 9. Pole figures showing the texture of (a) as-deposited WAAM deposition 
of IN718 and the effect of (b) inter-pass rolling and (c) inter-pass rolling + SQA. 
Fig. 10. WAAM-deposited IN718 without (a–c) and with (d–e) SQA: (a, d) SEM-BSD image and EDS elemental maps of (b, e) Niobium and (c, f) Titanium.  
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the method of neutron diffraction, but the limited reproducibility of 
microstructure in WAAM. In nickel superalloys it should also be 
considered to measure the DEC for the specific specimen, which how-
ever uses a large share of the total beam time, making the experiment 
inefficient. A fair compromise was therefore allowing for larger errors 
and perhaps comparing the measurement with other non-diffraction 
techniques, such as the contour method [23–25]. Inter-pass rolling is 
known to improve the microstructure and the response to heat treatment 
[37,58]. A beneficial side-effect is also the improved diffraction quality 
due to smaller grains and the reduced texture [25], which was also 
observed in the present experiment. The compensation with a back-
ground (Fig. 2) function was needed to account for random asymmetry 
due to secondary phases. Rietveld refinement of the whole diffraction 
pattern using energy-dispersive neutron sources, covering several peaks 
Fig. 11. d0 reference lattice profiles of the {311} plane in the three directions in the (a) as-deposited wall, (b) the inter-pass rolled wall and (c, d) the respective walls 
after SQA treatment. 
Fig. 12. {311} lattice strain in the three principal directions in the deposit of (a) the as-deposited control specimen before and (b) after unclamping; (c) the inter-pass 
rolled specimen; (d) and (e) the solution treated, quenched and aged version of (b) and (c). 
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at once, can be an alternative that mitigate the issues of overlapping 
peaks of second phases [11]. This would however require longer 
counting times. Figs. 12 and 13 show the strain and residual stress 
profiles respectively. The poor point-to-point consistency in both of the 
AD specimen before and after unclamping (#1 and #2 respectively) and 
AD + SQA (#4) suggest material-related intricacies compared to the 
good consistency in the IR specimen without and with SQA treatment 
(#3 and #5 respectively). 
3.4. General discussion 
Different DED heat sources, such as laser [20], plasma arcs [37] or 
CMT [6], can be used to deposit IN718 alloy. However the layer-by-layer 
processes typically generate large columnar grains with a strong texture 
and the finite cooling rates during solidification promote the precipita-
tion of Nb-rich Laves phase, which prevent the material from reaching 
the desired strength during the SQA treatment. A lot of effort is made to 
overcome this issues, for example by using special laser modes [20], 
which is not possible in WAAM. Inter-pass rolling is currently the only 
way of depositing this nickel superalloy at high deposition rates with a 
microstructure that reaches excellent material properties [37]. Another 
advantageous side-effect of rolling are significantly reduced residual 
stresses and part distortion during the manufacture. This makes the 
clamping, part manipulation and subsequent heat treatment much more 
manageable and reduces the risk of build failures significantly. The 
downside of rolling is of course that it limits the free-form capability of 
additive processes. However, part complexity and topology [78] opti-
misation are not the business driver of WAAM anyway. Typical WAAM 
applications are the 1-to-1 replacement of existing parts that are 
conventionally manufactured by casting, forging and machining from 
solid with the advantage of reducing lead-time and the buy-to-fly ration 
[1]. The complexity of these manufacturing techniques is manageable, 
hence rolling does limit WAAM substantially. Most geometries that are 
in the scope of the technology are compatible with rolling. 
4. Conclusion 
Inter-pass rolling has several benefits. In addition the positive effect 
on microstructure and mechanical properties [37], this study has 
furthermore revealed other advantages.  
1. As-deposited WAAM deposition of IN718 produced large columnar 
grains with strong texture. During eutectic solidification inter- 
dendritic Laves phases form in long chains. The high local concen-
tration of Niobium in the Laves phase cannot be re-dissolved during 
solution treatment. However inter-pass rolling can mitigates the 
problem and furthermore produces a very fine microstructure with 
virtually eliminated texture.  
2. After inter-pass rolling the microstructure shows alternating regions 
of very fine equiaxed grains with little texture and regions of slightly 
columnar and more textured grains. When SQA treated, the slightly 
coarser region appears to refine as well. More detailed work is 
needed to better understand the effect of plastic strain and thermal 
history on the resulting microstructure.  
3. Residual stresses in IN718 WAAM can exceed 500 MPa and result in 
significant part distortion. Inter-pass rolling can reduce both signif-
icantly. Hardness and FWHM profiles agree well with the penetration 
depth of the induced residual stress. The results also suggest that 
tensile residual stresses in the bulk material must be balanced by 
compressive stress on the side surfaces. However surface waviness of 
the rolled specimen complicates the stress measurement in this area 
using diffraction or destructive techniques.  
4. Large grains and strong texture of additively manufactured IN718 
can increase the risk of not producing representative stress-free 
reference specimen for neutron diffraction. Radial collimators, 
oscillation of the diffraction vector and background functions can be 
used to mitigate effects. Refining the microstructure and reducing 
the texture by inter-pass rolling is not only beneficial for the me-
chanical properties, but it also enhances the diffraction character-
ization of such components with appropriate spatial resolution.  
5. Defects, such as gas-pores or lack of fusion, can occur occasionally in 
IN718 using CMT heat sources for WAAM. Inter-pass rolling appears 
Fig. 13. Calculated residual stress in the three principal directions in the deposit of (a) the as-deposited control specimen before and (b) after unclamping; (c) the 
inter-pass rolled specimen; (d) and (e) the solution treated, quenched and aged version of (b) and (c). The horizontal dashed line in (a) indicates the longitudinal yield 
strength [37]. 
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to mitigate the risk of porosity, however their detrimental effect on 
dynamic mechanical properties has to be quantified.  
6. EDS maps suggest the presence of TiN particles, which are likely to 
originate from the wire feedstock. Rolling did not influence the 
quantity. It is not known whether these particles effect the me-
chanical performance of WAAM components. 
CRediT authorship contribution statement 
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